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Yttrium–aluminum–garnet (YAG, Y3Al5O12) hollow micro-
spheres were synthesized by reverse-emulsion (w/o) technique
starting with aqua-based precursors of oxides. The non-ionic
surfactant was used as the emulsifying agent. The gel powders
were calcined at 7001–12001C. The synthesized powders were
characterized by differential thermal analysis (DTA), thermo-
gravimetry, Fourier transform infrared spectroscopy (FTIR), X-
ray diffraction (XRD), and scanning electron microscopy
(SEM). The appearance of an exothermic peak at 9321C in
the DTA curve revealed the crystallization of YAG, which was
further conﬁrmed by XRD and FTIR studies. SEM conﬁrmed
the formation of hollow microspheres.
I. Introduction
IN recent years, there has been a keen interest in the synthesisof micro and nanometer-sized hollow spheres. The hollow
powders usually exhibit some special properties that are sub-
stantially different from conventional powders, such as low den-
sity, large surface area, good surface permeability and high
thermal and mechanical stability. Hollow oxide powders have
been widely used for light weight and thermally insulating ﬁllers
for composites, ﬁllers for reﬂective and luminescent coatings,
plasma-sprayed coatings, preparation and internal conﬁnement
fusion of nuclear materials,1 catalyst support, separation me-
dia,2 and drug delivery agents,3 etc. There have been a number
of methods for the synthesis of hollow microspheres, such as
dual nozzle reaction systems,4 spray pyrolysis,5 melting in DC
plasma,6 and reverse emulsion (w/o).7
Yttrium–aluminum–garnet (YAG, Y3Al5O12) has received
much attention because of its stable chemical and physical prop-
erties.8 It is used as a host for lasers and for phosphors of high
resolution.9 Because of the neutronic inertness of its constituent
atoms, porous YAG powders were used as the matrix materials
for the transmutation and incineration of minor actinides in
nuclear reactors.10 It is also a promising structural materials for
high-temperature engineering for insulating or refractory coat-
ings because of its high chemical stability, low electrical con-
ductivity, and high creep resistance.11
Synthesis of YAG by the conventional mixed-oxide process
requires a high temperature (B17001C) and lengthy heat treat-
ment to obtain phase-pure YAG. If processing temperatures are
too low, the product contains intermediate phase, i.e., YAP
(YAlO3) and YAM (Y4Al2O9).
12,13 Thus, for the synthesis of
YAG at lower temperatures, several methods have been devel-
oped, in which aluminum and yttrium atoms are homoge-
neously mixed. The most common methods are precipitation
of hydroxides,14,15 sol–gel process,16,17 urea method,18 spray
pyrolysis,19 combustion synthesis,20 etc. However, the above
methods require a temperature above 10001C, and the pro-
longed heating for complete transformation into YAG causes
several agglomerations in the powders exhibiting wide particle
size distribution. Therefore, an intermediate milling step is
adopted for obtaining the required size distribution before sin-
tering, which of course becomes the source of impurity in the
powders.
Both the microemulsion and reverse-emulsion techniques are
applicable for the synthesis of micrometer and submicrometer
sized particles. However, considering the advantages of hollow
ceramic microspheres, in the present investigation for the prep-
aration of agglomerate-free, micrometer-sized hollow YAG
spheres, the reverse-emulsion technique has been followed us-
ing the sols of optimum viscosity ranging from 20 to 30 mPas.
The novelty of the present method of preparing hollow YAG
microspheres is worth mentioning in respect of low processing
time, controlled particle sizes and shapes and good ﬂowability
characteristics starting with aqua-based precursor materials for
the preparation of sols.21,22
II. Experimental Procedure
A schematic for the synthesis of hollow YAG powder is shown
in Fig. 1. Calculated quantities of Y(NO3)3  6H2O (Indian
Rare Earth Ltd., Mumbai, India, purity 499%) and Al
(NO3)3  9H2O (A.R. Merck, Mumbai, India, purity 499%)
with yttria–alumina mol ratio as 3:5, were dissolved in deionized
water to make a bi-component solution of Y31 and Al31. The
pH of the bi-component solution was then adjusted up to about
3 by the addition of ammonia solution (25 wt%, G.R. Merck)
under agitation. The resulting 1 M solution was heated to
801711C under controlled conditions, i.e., by slow addition of
ammonia solution under vigorous stirring in a covered contain-
er. The viscosity of the sol thus obtained increased with increas-
ing time of heating. The heating was continued until the ﬁnal
viscosities of the transparent, bi-component sols were deter-
mined to be 2071, 2571 and 3071 mPa  s. The pH of each sol
at these stages was found to be 3.170.02. The pH of the sols was
measured with a Jencons pH meter (Model 3030, Jencons Sci-
entific Ltd., Bedfordshire, U.K.) while the viscosity values were
recorded using a Brookﬁed viscometer (Model LVTDV-II,
Brookﬁeld Laboratories Inc., MA).
In the present investigation, water-in-oil (w/o)-type reverse
emulsions were prepared.22 The sol prepared as above was used
as the aqueous phase (w) while cyclohexane (G.R. Merck purity
499%) of dielectric constant 2.042 was used as the oil phase (o).
A mixture of cyclohexane and surfactant, i.e., sorbitant mo-
nooleate (Span 80, Fluka Chemie AG, Neu-Ulm, Switzerland)
with a hydrophilic/lipophilic balance (HLB) value of 4.3 acted as
the support solvent. The emulsions were prepared by dispersing
sols of different viscosities ranging from 20 to 30 mPa  s as
droplets in the support solvent under constant agitation (150
rpm). The volume ratio of the sol:support solvent was kept con-
stant at 1:4.
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The emulsiﬁed sol droplets were converted to gel micro-
spheres by the addition of a gelling agent, e.g., triethylamine
(TEA) (G.R. Merck) under agitation until a pH of 10–12 was
reached. The gel microspheres, after separating by ﬁltration,
were washed with acetone (G.R. Merck), dried at 1101C in air
under static conditions and ﬁnally calcined at different temper-
atures in the range of 7001–12001C, each with 1 h dwell time (in
air under static conditions) to obtain the oxide microspheres.
The gel and the oxide microspheres were characterized by
differential thermal analysis (DTA) and thermogravimetry (TG)
(Netzsch STA 409c, M/S Netzsch Geratebau GmbH, Bayern,
Germany), X-ray diffraction (XRD) (Philips PW-1730 Philips
Corporation, Almelo, the Netherlands) with Ni-ﬁltered CuKa
radiation, Fourier transform infrared spectroscopy (FTIR) (Ni-
colet 5PC, Nicolet Analytical Instruments, Madison, WI) and
scanning electron microscopy (SEM) (S 430i, LEO Electronic
Microscopy Ltd., Cambridge, U.K.).
III. Results and Discussion
DTA and TG curves of the gel sample are presented in Fig. 2. In
the DTA curve, a sharp endothermic peak at 1431C and a broad
endothermic peak at 3341C were observed. Two exothermic
peaks at 2311 and 9321C along with a small hump at 9161C were
also revealed from the DTA curve. The sharp endothermic peak
at 1431C was because of the removal of adsorbed water and
other volatiles present in the sample,22,23 while volatilization of
hydroxides and structural water molecules were conﬁrmed from
the endothermic peak at 3341C.23 The exothermic peak at 2311C
indicated the decomposition of nitrates and residual organics.
The small exothermic peak at 9161C was because of the crys-
tallization of YAM (Y4Al12O9), and the broad exothermic peak
at 9321C was attributed to the crystallization of YAG.24 The
above results were further conﬁrmed by XRD.
From the TG curve of the same sample, a maximum weight
loss of about 52%, corresponding to the removal of water mol-
ecules and other decomposable materials, was noticed up to a
temperature of about 6001C followed by a negligible amount of
weight loss (about 2%) up to 12001C.
To study the crystallization behavior of the YAG gel powders
calcined at 7001–12001C, XRD patterns were recorded (Fig. 3).
They show that the powder remained almost amorphous up to
8001C. A crystallization of YAM, Y4Al2O9 (JCPDS No. 34–368)
Fig. 1. Schematic of the preparation of yttrium–aluminum–garnet
(YAG) hollow microspheres by reverse-emulsion process.
Fig. 2. Thermogravimetry (a) and differential thermal analysis (b)
curves of gel microspheres of yttrium–aluminum–garnet composition.
Fig. 3. X-ray diffraction patterns of microspheres of yttrium–alumi-
num–garnet composition calcined at different temperatures: (a) 7001C,
(b) 8001C, (c) 9001C, (d) 10001C, (e) 11001C, and (f) 12001C with a dwell
time of 1 h in each case.
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along with a small amount of YAG, Y3Al5O12 (JCPDS No.
33–40) appeared at 9001C. Almost complete crystallization of
cubic YAG occurred at 10001C, and it retained up to 12001C.
From Fig. 3, it is obvious that the intensity of YAG peaks in-
creased with increase in temperature from 10001 to 12001C.
However, some very small unidentiﬁed peaks are observed
with YAG and YAM at 10001–12001C.
To examine the characteristics of the products calcined at
different temperatures, FTIR spectra of the powders calcined at
7001–12001C were recorded in the wavenumber range 4000–400
cm1; however, the spectra in the wavenumber region 1300–400
cm1 are presented in Fig. 4. The strong absorption bands at
460, 570, 690, 730, and 790 cm1 observed at 10001–12001C
were the characteristic bands for YAG.8,25 It is to be noted that
the above bands were absent at 7001–8001C but a weak appear-
ance of the same at 9001C indicated the initiation of YAG crys-
tallization, which was also conﬁrmed by XRD.
Figures 5(a)–(c) show the SEM micrographs of oxide pow-
ders with the average particle sizes 20, 30, and 50 mm obtained
from the sols of viscosities 20, 25, and 30 mPa  s, respectively,
followed by their calcination at 12001C/1 h each. It was clear
that with an increase in viscosity of the sol, particle size became
larger and broken. Hollow microspheres with the spherical cav-
ities could be identiﬁed from the fractured particles (Fig. 5).
The mechanism of formation of hollow microspheres by re-
verse emulsion has already been discussed in our earlier work.7
The effects of the type of solvents, surfactants, and their molar
compositions played an important role in controlling particle
sizes and shapes. However, the role of viscosity of the aqueous
sol is also noteworthy for controlling the same. In the present
case, for the microspheres obtained from the sol of relatively low
viscosity (20 mPa  s), the shell formation with less dense net-
work and high permeability to both TEA and cyclohexane oc-
curred toward the interior part of the droplet, making the shell
formation process complete. Repeated washings of these micro-
spheres with acetone under vacuum helped the trapped liquid to
come out gradually through the highly permeable shell. Final
removal of acetone under vacuum formed gel microspheres,
with the internal cavity free from any trapped liquid. Under such
a condition, formation of mostly unbroken and hollow YAG
microspheres were obtained after calcination.
In case of microspheres obtained from a sol of relatively high
viscosity (30 mPa  s), gel formation occurred, giving rise to a dense
and low permeable shell. During calcination of these washed mi-
crospheres, the removal of the volatiles from the entrapped liquid
was believed to be hindered. This caused a generation of internal
pressure with the formation of fractured microspheres. Under
such conditions, the spheres obtained from relatively high viscosity
of the sol became larger and mostly broken.
IV. Conclusions
YAG hollow microspheres were synthesized by reverse-emul-
sion (w/o) method. The exothermic peak at 9321C in the DTA
curve showed the crystallization of YAG, which was further
conﬁrmed by XRD results. Almost complete crystallization of
cubic YAG, Y3Al5O12 occurred at 10001C. The strong absorp-
tion bands at 460, 570, 690, 730 and 790 cm1 observed at
10001–12001C from FTIR were the characteristic bands for
YAG. SEM micrographs showed the hollow microspheres of
YAG with the average particle sizes 20, 30 and 50 mm obtained
from the sols of viscosities 20, 25, and 30 mPa  s, respectively.
The spheres obtained from high viscosity of the sol became
larger and mostly broken.
Fig. 4. Fourier transform infrared spectroscopy spectra of micro-
spheres of yttrium–aluminum–garnet composition calcined at different
temperatures: (a) 7001C, (b) 8001C, (c) 9001C, (d) 10001C, (e) 11001C,
and (f) 12001C with a dwell time of 1 h in each case.
Fig. 5. Scanning electron microscopy micrographs of yttrium–alumi-
num–garnet hollowmicrospheres obtained from the sols of viscosities (a)
20 mPa  s; (b) 25 mPa  s, and (c) 30 mPa  s.
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